The 10E8 antibody targets a helical epitope in the membrane-proximal external region 18 (MPER) and transmembrane domain (TMD) of the envelope glycoprotein (Env) subunit 19 gp41, and is among the broadest known neutralizing antibodies against HIV-1. Accordingly, 20 this antibody and its mechanism of action valuably inform the design of effective vaccines 21 and immunotherapies. 10E8 exhibits unusual adaptations to attain specific, high-affinity 22 binding to the MPER at the viral membrane interface. Reversing charge of the basic paratope 23 surface (from net positive to net negative) reportedly lowered its neutralization potency. 24
solvent was removed by desiccation for 1 h. Dried silica beads covered with lipid were 168 collected and transferred to a 7.5 g/L sucrose buffer to induce spontaneous swelling of GUVs. 169
For preparation of peptide-GUVs complexes, 0.66 µM peptide was added to the observation 170 dish in an isosmotic 10 mM HEPES, 150 mM KCl (pH 7.4) buffer followed by the addition 171 of the formed vesicles. For the estimation of the electrical potential at the membrane surface as a function of the PS 216 content, the following equation was used: 217
where c is the number of ions per volume, and  the surface charge density (35). To calculate 219 the latter parameter a surface area per phospholipid of 69.5 Å 2 was considered, and net 220 charges of 0 and -1 were assigned to PC and PS, respectively (36). 221
222
HEp-2 cell immunofluorescence assay. 223 Antibodies (Fabs) were assessed for the ability to stain HIV-1 negative human epithelial 224
HEp-2 (VIRGO ANA/HEp-2) cells on glass slides by indirect immunofluorescence 225 microscopy. Fabs were diluted to 25 g/ml and 10 l used for each test as per the 226 manufacturer's specifications. FITC-conjugated goat anti-human Fab (Jackson) was used as 227 the secondary probe. Slides were photographed using an EVOS fluorescence microscope 228 (Invitrogen). Staining experiment #1 with 10E8-3R and experiment #2 with 4E10-3R were 229 performed separately; intensity of antibody staining can be compared within but not between 230 experiments. 231 12 232 ELISA for antibody polyreactivity. 233
Ninety-six-well plates were coated with 10 nM Cholesterol, DOPS, POPC or DOPE (Sigma) 234 in 50 l 100% methanol and left to evaporate overnight at 4°C. Other antigens (500 ng/well 235 in PBS) were coated on wells overnight at 4°C without evaporation. The wells were washed 236 three times with PBS containing 0.05% Tween 20 (PBST) and blocked for 1 h at 37°C with 237 4 % non-fat dry milk in PBS. The wells were washed three times with PBST, and Fabs diluted 238 in 0.4 % NFDM-PBST were added to the wells and incubated for 2 h at 37°C. Following 239 three washes with PBST, goat anti-human Fab-HRP conjugate (1:500 in 0.4% NFDM-PBST) 240 was added to the wells and incubated for 45 min at RT. The wells were washed three times 241 with PBST and the plate was developed using TMB substrate (Pierce) at 37°C. The OD at 242 450 nm was determined using a Synergy H1 plate reader (Biotek). 243
244
Virus production. 245 HIV-1 pseudotyped virus was generated by co-transfection of 293T cells with Env plasmid 246 DNA and the HIV-1 backbone plasmid pSG3ΔEnv (37) using 25K polyethylene imine (PEI), 247 as previously described (38 
Design of 10E8-3R antibody 286
To engineer antibody 10E8 to interact more effectively with lipid bilayers, we introduced 287 three basic residues (3R mutation) at strategic, solvent-exposed positions on the 288 corresponding Fab (Fig. 1A) . The triple substitution S30R/N52R/S67R, involving light chain 289 residues, increases the positive charge at the surface patch predicted by x-ray crystallography 290 and cryo-EM studies to contact the viral Env-membrane interface (2-4) (Figs. 1A, B) . 291
Positioning in the structure of the anionic phospholipid phosphatidylglycerol co-crystalized 292 in complex with the Fab 10E8 (4), confirmed the close proximity of its head-group moiety 293 to the mutated residues (Fig. 1B, right) . Moreover, this arrangement of the antibody with 294 respect to the membrane plane resulted in an insertion angle of the bound MPER helix 295 resembling that deduced from a low-resolution cryo-EM model of 10E8 bound to the Env 296 trimer (2). These changes did not alter binding to epitope peptide, as judged from the 297 comparable patterns of specific binding observed for mutant and parental Fabs in ELISA 298 (Fig. 1C) Following the approach described in our preceding works (24, 25) (see also schematics 304 displayed in Fig. 2A ), VL vesicle flotation experiments were first used to establish the effect 305 of the 3R mutations on Fab 10E8 partitioning from water into membranes (Fig. 2B ). Anti-306 gp120 antibody PG9, used as a control for the absence of interaction with membranes, and 307 10E8-WT showed similar flotation profiles after sucrose centrifugation, with most input 308 antibody recovered in pellets (i.e., from non-floating fractions). In sharp contrast, under the 309 same experimental conditions, 67 % of 10E8-3R was found co-floating with vesicles (Rho 310 emission spectra in the bottom row). Antibody signal was mainly detected in the non-floating 311 fractions when the same experiment was run in the absence of vesicles. To ensure that the 312 observed membrane binding phenomenon was dependent on the specific location of the 3R 313 mutation, three Arg residues were instead placed in solvent-exposed positions S153R, S193R 314 and S199R of the 10E8 constant domain light chain. The resultant 10E8-3R(C) mutant was 315 found in the pellet fractions after centrifugation. Thus, the minimal amount of Fab 10E8-316 3R(C) detected in association with vesicles followed the pattern of the parental 10E8-WT. 317
These results indicate that the light-chain 3R mutation S30R/N52R/S67R specifically 318 endows 10E8 antibody with the capacity of partitioning into VL vesicles. Membrane binding by 10E8-3R was also assessed using Fabs labeled with the molecular 330 sensor 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) (Fig. 3B ). This approach to probe protein-331 membrane interactions was described in our prior studies (3, 24, 25), and is based on 332 monitoring changes in fluorescence emission that occur upon transferring the NBD probe 333 from an aqueous solvent into the less polar environment of the lipid bilayer. The changes in 334 NBD emission, i.e., intensity increase and blue-shift of the emission maximum wavelength, 335
are exemplified by the model spectra displayed in Figure 3B (Fig. 4) . The experimental values, adjusted to Equation [1] , 345 allowed estimation of a mole-fraction partition coefficient (Kx) of 0.2 x 10 7 for DOPC:DOPS 346 (50:50) vesicles, a value that falls in the range of that observed for peripheral membrane 347 proteins such as the Phospholipase C- or the juxtamembrane domain of ErbB1 (42, 43). 348
Moreover, the Kx values decreased upon reduction of the content of the negatively charged 349 lipid DOPS (Fig. 4A) . Consistently, the linear plot of partitioning free energies (∆Gobs) as a 350 function of the surface potential (0) displayed positive slope (Fig. 4B) , following the pattern 351 expected for antibody-membrane interactions being driven by electrostatic forces (35, 44). 352
In conclusion, 10E8-3R followed a membrane-binding mechanism that resembled a 353 peripheral membrane interaction, as has been described previously for the Fab 4E10 354 (reference (25); see also below). 355
356

Effects imparted by the 3R mutation on the biological function of 10E8 357
Having determined that the 3R mutations enabled 10E8 binding to lipid vesicles, we tested 358 their effect on polyreactivity and neutralizing activity (Figs. 5 and 6). We assessed first the 359 propensity of 10E8 and cognate 3R mutant to bind to HEp-2 cells, which have been used 360 previously for determining antibody polyreactivity (8, 45). We found that, in contrast to the 361 positive control, 4E10 IgG, neither 10E8-WT nor 10E8-3R bound to HEp-2 epithelial cells 362 (Fig. 5A) . We also compared the polyreactivity of 10E8-WT and 10E8-3R in a standard 363 (Fig. 5B ). 367
We next tested the effect of the 3R mutations on the neutralization capacity of 10E8 against 368 a panel of six HIV-1 isolates used previously as an indicator of cross-clade neutralization 369 breadth (47). As illustrated by the data displayed in Figure 6 , 10E8-3R was notably more 370 potent against all six isolates relative to 10E8-WT (5-to 35-fold decrease in IC50; Table 1) . 371
An additional 10 isolates were tested in which 10E8-3R was also more potent against the 372 majority of these, including SIV strain TAN2 (Table 1 ). In total, the 3R mutations increased 373 10E8 neutralization potency against 14 of 16 isolates, with an average 8.9-fold decrease in 374 IC50; however, neutralization potency did not change against two isolates (Q23.17 and 375 CH181.12), so the effect appears to be somewhat isolate dependent. 376 377
10E8-3R antibody engagement with MPER peptide and HIV-1 Env 378
That the 3R mutation did not make 10E8 polyreactive indicates that the differences in binding 379 and neutralization of 10E8 caused by the mutations are specific. It has been shown that 10E8 380 neutralizing activity correlates with its capacity for epitope recognition in a membrane 381 environment (3). Therefore, we sought to establish whether the overall enhanced 382 neutralization observed for 10E8-3R correlated with an improved epitope binding function 383 (Figs. 7 and 8) . 384
Top panels in Figure 7A incubation with Fab KK114-10E8-3R suggests that the optimized 3R mutant bound with a 390 higher apparent affinity than parental antibody to GUV membranes decorated with epitope-391 peptide (Fig. 7A, bottom panels) . These observations were further supported by experiments 392 performed using NBD-labeled Fabs (Figs. 7B,C) . Binding to vesicles containing MPER 393 peptide resulted in NBD fluorescence changes (Fig. 7B) , i.e., increase in emission and 394 maximum blue-shift (Fig. 7C ), that were overall more prominent in the 10E8-3R variant than 395 in the parental Fab 10E8-WT. This observation was again consistent with more efficient 396 epitope recognition in the membrane milieu by the 3R mutant. 397
To determine whether the increase in neutralization by 10E8-3R corresponded to an increase 398 in its binding affinity for virion-associated Env trimers, we next turned to a BN-PAGE gel 399 mobility shift assay. Virions were produced from a molecular clone of Comb-mut whose Env 400 has been shown to be >95% cleaved and trimeric (39). When a Fab binds to the Env spike 401 the trimer will run more slowly on BN-PAGE, shifting the cognate band upwards on the gel. 402 10E8-3R Fab shifted the trimer band at a 5-fold lower concentration than 10E8-WT 403 suggesting that the 3R mutations increased affinity for the trimer (Figs. 8A and C; shifting 404 EC50s of 2.3 μg/ml for WT, and 0.47 μg/ml for 3R). To query whether the membrane 405 contributed to the enhanced binding capacity of the 10E8-3R Fab we also performed a 406 "washout" version of the gel mobility shift assay, in which virus was pelleted and unbound 407 antibody was removed prior to adding detergent. This experiment yielded similar results as 408 the standard assay (Figs. 8B and C) 
Effects imparted by a 3R mutation on 4E10 417
Given the potential implications for ongoing efforts in vaccine and biologics design, our 418 optimization approach focused primarily on the highly potent antibody 10E8. To establish 419 whether the same strategy to improve neutralization efficacy by strengthening electrostatic 420 interactions with membranes could be applied to other anti-MPER antibodies, we introduced 421 three Arg mutations into the paratope of the 4E10 antibody ( Fig. 9 and Table 2 ). The first-422 generation anti-MPER bnAb 4E10 has already been shown to spontaneously partition into 423 membranes (24, 25), exhibits some polyreactivity, particularly with lipids, and is less potent 424 than 10E8 (see reference (8) for a side-by-side comparison of both antibodies). 425 Thus, to generate the 4E10-3R mutant we introduced the triple substitution 426 G27R/S30R/S74R to the heavy chain of the Fab 4E10, which resulted in an increased positive 427 charge at the flat paratope surface predicted by crystallography to contact the interface of the 428 lipid bilayer (22) (Figs. 9A, B) . These changes did not affect binding to epitope peptide in 429 ELISA (not shown). However, the Fab 4E10-3R partitioned more effectively into vesicles 430 than the parental 4E10-WT (Fig. 9C) , and this effect was mediated by the establishment of 431 stronger electrostatic interactions with membranes (Fig. 9D) . The 3R mutation also resulted 432 on February 15, 2018 by The University of British Columbia Library http://jvi.asm.org/ Downloaded from in significantly enhanced polyreactivity (Fig. 9E ), but did not improve 4E10 neutralization 433 relative to 4E10-WT against any of the isolates tested, and in several cases resulted in up to 434 a 2-fold increase in IC50 (Table 2) . Moreover, in line with the lack of neutralization 435 improvement, the WT and 3R mutant Fabs shifted to similar extents the mobility of the Env 436 trimer in BN-PAGE experiments (Fig. 9F) . 437
In conclusion, whereas electrostatic interaction with membranes and polyreactivity were 438 enhanced with 4E10-3R relative to 4E10-WT, neutralization efficacy and Env trimer 439 engagement were less affected, or even slightly diminished. We note that while these results 440 with 4E10-3R contrast with those of 10E8-3R they do not negate the hypothesized 441 mechanism for improvement of 10E8 by 3R as those mutations are specific to 10E8, and it 442 is possible that the 4E10 3R mutations are not optimally positioned to augment the 443 neutralization potency of 4E10 by this mechanism. Env determinants, which contained the paratope of 10E8 as a basic component (18, 20, 56) . 462
In this work, following strategy (i) we have explored the possibility that the function of 10E8 463 can be upgraded by promoting its interaction with membranes ( Fig. 1) . Recent structural 464 studies define a membrane-interacting surface on the light chain of 10E8, which is juxtaposed 465 by its CDRH3 that contacts the MPER helix on Env (Fig. 1) (2-5, 22) . In principle at least, 466 interaction of MPER antibodies through similar patches could be driven by coulombic 467 attraction between exposed basic residues and anionic phospholipids, a possibility that has 468 been formally demonstrated in the case of the 4E10 antibody (25). Likewise, in the case of 469 the 10E8 antibody, substitution of aspartate or glutamate at positions normally occupied by 470 basic and polar residues on the membrane-contacting patch greatly reduced neutralization 471 potency of this antibody (4). 472
Here we have asked whether manipulation of the membrane-contacting surface of 10E8 to 473 increase its net charge would enable spontaneous interaction with membranes, and what 474 effects this property might have on its biological function. We showed that the triple 475 substitution S30R/N52R/S67R in the light chain of Fab 10E8 (Fig. 1) , enabled it to interact 476 spontaneously with lipid bilayers (Figs. 2-4) . This change importantly also results in more 477 potent neutralizing activity (Fig. 6 and Table 1) . Notably, the improvement in 10E8 function 478 correlated with enhanced binding affinity not only for the MPER epitope peptide in a 479 membrane environment (Fig. 7) but also for virion-associated Env (Fig. 8 ), yet had no 480 observable effect on polyreactivity, which remained almost undetectable for the 3R mutant 481 ( The data obtained with the 4E10 antibody (Fig. 9) further support this concept. Upon 486 introduction of a cognate 3R mutation (Figs. 9A, B) , electrostatic interactions intensified 487 resulting in stronger 4E10 association with the membrane (Figs. 9C, D) , and also notably, 488 apparent polyreactivity (Fig. 9E) . However, these enhancing effects neither translated into 489 better, nor worse neutralization activity (Table 2) . Likewise, introduction of the 3R mutation 490 into the Fab 4E10 did not significantly affect affinity for virion-associated Env (Fig. 9F) . 491
Given that 4E10 is less potent than the second-generation bnAbs (1), and, therefore, has 492 considerable scope for improving its potency, our observations argue against the postulate 493 that 4E10 polyreactivity and neutralization are contingent on each other (45, 57, 58). 494
We showed that the 3R mutations enhanced neutralization by 10E8 with most isolates, but 495 there was variation in the magnitude of the effect, and neutralization of two isolates was not 496 to the MPER that would explain the strain-dependence of enhanced neutralization (our 498 unpublished observations). However, it is possible that residues surrounding the MPER alter 499 the effect of the 3R mutations on neutralization. Alternatively, the differential effect of 3R 500 on neutralization between isolates could relate to differences in kinetics of fusion, proximal 501 glycosylation or MPER conformation relative to the antibody in different Env backgrounds. 502
Further studies of Env structure and mechanisms of 10E8 recognition are necessary to 503 address these issues. 504
Thus, although our data support the idea that interactions with the viral membrane surface 505 occur during the neutralization mechanism of anti-MPER antibodies, they caution that the 506
proposed two-step model in which anti-MPER antibodies first attach to the viral membrane 507 and then to the Env antigen (59-61) might be of limited applicability. The finding that 508 enhanced membrane interaction does not affect 4E10 neutralization potency implies that 509 accumulation of this antibody at the virus membrane does not necessarily play a role in the 510 mechanism of neutralization. That the Fab 10E8, which is more potent than 4E10, does not 511 spontaneously interact with VL membranes (Figs. 2 and 3 ) also goes against the assumption 512 that pre-attachment of this antibody to the viral membrane is strictly required during 513 neutralization (61). 514
Our data rather indicate that antibody-membrane interactions might function at a step after-515 or concomitant with-the engagement of the Env antigen. Membrane binding thus would 516 stabilize the antibody-Env complex resulting in a high-affinity interaction and higher 517 neutralization potency, at least in the case of 10E8 (Figs. 6-8) . That there is some Env 518 dependence to the magnitude of this effect, suggests that elements in Env may influence 519 accessibility to the membrane interacting region, as in a specific bipartite Env-membrane 520 on February 15, 2018 by The University of British Columbia Library http://jvi.asm.org/ Downloaded from epitope, rather than independent membrane and Env binding sites of a simple two-step model. 521
Since reducing electrostatic interactions with membranes hinders 4E10-induced 522 neutralization (25), but their enhancement has no effect ( Fig. 9 and Table 2), it seems possible 523 that the contribution of electrostatic antibody-membrane interactions to the mechanism of 524 4E10 neutralization has already reached an optimal level. Alternatively, the membrane-525 contacting surface relevant to 4E10 neutralization might be different to that inferred from 526 prior crystal structures and mutagenesis studies (22, 25). Thus, it cannot be excluded that the 527 3R residues have been incorporated at irrelevant positions on 4E10. On the other hand, the 528 available structures for 10E8 may reflect more precisely its functional binding state. 529
In conclusion, our observations suggest that electrostatic interactions between anti-MPER 530 antibodies and the lipid bilayer result from structural adaptations to enable functional binding 531 to Env in the membrane milieu (2-4, 22, 24, 25 
